INTRODUCTION
Polyunsaturated fatty acid PUFA are fatty acids containing two or more double bonds and 18-22 carbon atoms 1 . Many studies have demonstrated that n-3 PUFA such as docosahexaenoic acid are related to health benefits. DHA supplementation has proven beneficial for many of the known higher functions on the sensory, perceptual, cognitive, and motor neural systems during the brain growth spurt 2, 3 . DHA also have been reported to have advantages, such as reduction of blood pressure, plasma triglyceride levels, and control of overactive immune functions 4, 5 . The production of STAGs especially triglyceride through interesterification catalyzed by lipase were studied by researchers all over the world. STAGs are defined as lipids with structures that have been changed chemically or enzymatically by altering of position of fatty acid in triacylglycerols TAGs , and/or incorporation of new acids 6 .
With respect to the fatty acid species and their distribution in glycerol molecule, TAGs are classified into several types; AAA, ABA, AAB, and ABC types 7, 8 . The nutritional value of TAGs and their physicochemical properties are determined not only by the fatty acid composition, but also by the positional distribution of the acyl groups bonded to the glycerol 9 . By alteration of fatty acid profile of triglyceride by enzymatic synthesis have some advantages such as specificity, selectivity, mild reaction condition and little or no by-production compared to chemical synthesis 7 . Thus, we can produce the structure production according to our desire by changing the type or composition of fatty acid. We are interested in the STAGs containing specific fatty acids in precise positions for their biological activity is closely related to their structures. Furthermore, structured TAGs are thought to be effective in delivering TAGs with desired FAs as nutraceuticals and functional lipids for the treatment of specific diseases and metabolic conditions, or to improve nutritional status 10 .
The enzymatic production of structured lipids through interesterification has been reported by previous studies. The synthesis of structured TAGs is commonly carried out using enzymatic processes due to their high selectivity, mild reaction conditions, limited by-product production, ease of product recovery and process control, and less waste disposal 11 . The simplest and most direct procedure for the synthesis of structured TAGs is the acidolysis of TAGs and polyunsaturated FAs catalyzed by a 1, 3-specific lipase 12 . In this work, we aimed to synthesize and purify triacylglycerols, containing mostly the structures 1,3-docosahexenoyl-2-palmitoyl-sn-glycerol DPD from algal oil Schizochytrium sp for possible use as a functional ingredient for dietary supplementation. Human breast milk contains a large portion of PA esterified at the sn-2 position of the triacylglycerols TAGs . Human milk is naturally the only source of food for infants in their early life. Over 68 by weight of PA is esterified at the sn-2 position of human milk fat. Moreover, at sn-1,3 positions 62.6 are unsaturated fatty acids and only 30.7 are saturated fatty acids. There is clear evidence that TAG contains PA located predominantly at sn-2 positions is absorbed and transported more effectively than at sn-1,3 positions. Means of increasing the proportion of 2-palmitic acid in infant formula may make possible fat blends closer to that of human milk with acceptable absorption characteristics. In any case, the DPD synthesized by the methodology developed in this work may be useful for preparing human milk fat substitutes, along with other TAGs rich in polyunsaturated fatty acids, such as DHA. To this end, selected conditions were first tested. Then, conditions were optimized to produce maximized STAGs and minimized acyl migration. 
EXPERIMENTAL

Preparation of tripalmitin
Tripalmitin glycerol tripalmitate, minimum purity of 85 was produced from glycerin using stirred-batch bioreactor operated at 65 for 17 h. Ethyl palmitate were used as acyl donor in this study. Novozym 435, mostly a nonspecific lipase, was added at 10 of total reactants as the enzymatic catalyst. The reaction product was vacuum filtered, and the excess free fatty acid esters were removed using KDL-1 molecular distillation UIC Inc., Joliet, IL to a level 1 . Feed vessel temperature of the unit was kept at 55 . The temperature of the wiper blade vessel where the oil was turning was 155 , and the condensation temperature was 20 . Feeding rate of the sample was 100 mL/ h.
Preparation of DHA
Et-DHA 25 g which was obtained in the algal oil Schizochytrium sp was saponified using a mixture of KOH 5.75 g , water 11 ml and 95 aqueous ethanol 66 ml for 1 h at 62 under nitrogen. After saponification, distilled water 50 ml was added to the saponified mixture and the unsaponifiable matter was extracted with 2 100 ml of hexane and discarded. The saponifiable matter in the aqueous layer was acidified to pH 1.0 with 6 N HCl and the free fatty acids were extracted into 50 ml of hexane. The hexane layer containing free fatty acids was then dried over anhydrous sodium sulfate and the solvent was removed using a vacuum rotary evaporator at 40 . The free fatty acids were stored at 4 under nitrogen until use. The fatty acid composition of the resulting FFA with respect to time of esterification is given in Table 1 . The resulting free fatty acids include 81.33 DHA C22:6 n-3 and 17.49 DPA C22:5 n-3 .
Interesteri cation Reactions
In this work, structured lipids were synthesized by acidolysis of tripalmitin with DHA rich free fatty acids or Et-DHA in a solvent-free system or in an organic solvent catalyzed by immobilized lipozyme RM IM, immobilized TL IM. These Interesterification reactions catalyzed by lipases were carried out to examine the impact of acyl donor, enzyme and reaction system on acidolysis reactions. Both reactions were initially tested under inert atmosphere. Tripalmitin was mixed with DHA or Et-DHA and immobilized 435 in hexane or in a solvent-free system. This mixture was incubated at 40, 50, 60, 70 and agitated at 200 rpm for different times 1, 2, 4, 6, 8, 10, 12, 18 and 24 h . The reactions were stopped by separation of lipase by filtration and the reaction product was stored at 24 until analysis.
Synthesis and Puri cation of STAGs
The conditions giving the highest incorporation of DHA were selected for 1 L-scale production of STAG. The solvent-free reaction was performed in a 1 L stirred batch reactor at 60 for 10 h with a substrate mole ratio of 6 a mixture of Et-DHA to tripalmitin , 10 w/w of Lipozyme RM IM, and constant stirring at 200 rpm. The reactor was wrapped with foil to reduce exposure to light. At the end of the reaction, the resulting STAG was filtered through sodium sulfate and then through a 0.45 μm membrane filter to dry and separate the STAG from the enzyme. Purification of SL product was performed using short-path distillation. Distillation was performed under the following conditions: approximately 2 mL/min feeding rate; 150 heating oil temperature and vacuum of 0.1 Pa.
sn-2 Positional analysis of triglyceride
Pancreatic hydrolysis was used to determine the positional distribution of the fatty acid residues in TAG 14 . After TAG bands were transferred from thin layer chromatography TLC plates into screw-capped test tubes, they were extracted with diethyl ether two times and evaporated under nitrogen gas to obtain purified TAG. Next, 2 mL of Tris-HCl buffer 1 M, pH 8.0 , 0.5 mL of 0.05 sodium cholate solution, and 0.2 mL of 2.2 calcium chloride solution were added. To emulsify the sample, tubes were vortexed for 2 min. Next, 40 mg of pancreatic lipase was added and vortexed for an additional minute. Samples were incubated in a water bath at 40 for 3 min. To stop the reaction, 1 mL of 6 N HCl and 4 mL of diethyl ether were added, vortexed for 2 min, and centrifuged at 188 g for 3 min. Diethyl ether layer was passed through a sodium sulfate column, and the volume was reduced to one-third under nitrogen gas. Samples were spotted on TLC plates, which were coated with silica gel G, and placed in the tank and developed with a solvent system of hexane:diethyl ether:formic acid 60:40:1.6, v/v/v mixture. The band corresponding to the 2-MAGs was scraped off, extracted with diethyl ether, and methylated in methanol using sodium methylate as a methylating reagent for analysis by GC. The fatty acid methyl esters were analyzed with an 6890N gas chromatograph Agilent Technologies Inc., Santa Clara, CA, USA equipped with HP-INNOWax fused-silica capillary column 30m 0.32mm 0.25 μL . Oven temperature was programmed from 170 to 210 at a rate of 3 /min and held for 30 min. A flame-ionization detector was used at 280 . The injector was used in split mode with a ratio of 1/20 and the temperature was 250 . Carrier gas was nitrogen with a column flow of 1 mL/ min.
Fatty acid analysis
Mixture after reaction was separated on Silica Gel G254 thin-layer plates in hexane-ether-acetic acid 85:15:1, V/V/ V . Fatty acids converted into methyl esters by transmethylation with 0.5 M sodium methoxide. Fatty acid of substrate oils and reaction products were analyzed by using a 6890N gas chromatograph Agilent Technologies Inc., Santa Clara, CA, USA equipped with a flame-ionization detector and HP-INNOWax column. Peaks were identified by comparison of retention times with authentic fatty acid methyl ester standards and quantified using an internal standard. The incorporation of DHA and rate of acyl migration RAM are calculated according to the following formula:
A 1 , DHA content of triglyceride A, Total fatty acid content of triglyceride A 2 , DHA content of triglyceride at sn-2
Statistical Analysis
Interesterification reactions were done in triplicate, and average results were reported. To investigate the effects of temperature, substrate mole ratio, time on DHA incorporations and acyl migration, statistical analysis was performed using ANOVA statistical analysis. The significance of difference at P-value of 0.05 was determined by Tukey Simultaneous Tests. 
RESULTS AND DISCUSSION
In the present study, STAG rich in 1, 3-docosahexaenoyl-2-palmitoyl glycerol was synthesized by a two-step method. In the first step, tripalmitin-rich fraction was prepared from algal oil Schizochytrium sp . In the second step, STAG was synthesized from tripalmitin-rich fraction and Et-DHA in a solvent-free system by a lipase-catalyzed interesterification. The reaction factors acyl donor, lipase, substrate ratio, temperature and time were optimized to produce maximized STAG and minimized acyl migration.
Acyl donor effect
Enzymatic interesterification for both free fatty acids FFA and fatty acid ethyl esters FAEE systems catalyzed by immobilized lipozyme RM IM were optimized to produce STAG which was characterized by high incorporation of DHA into the resulting TAGs and low acyl migration of the DHA to sn-2 position. Most of investigations on lipase-catalyzed interesterification reactions have been carried out using a small-scale batch reactor, although a continuous reaction is preferred for the large-scale production. Acyl migration is a key problem in the production of ABA-type structured lipids and it cannot be totally avoided. However, it is possible to decrease the acyl migration by controlling the conditions. Acyl donors played an important role on acyl migration rate. In this context, the influence of the type of acyl donors on the incorporation of DHA and rate of acyl migration were first described as shown in Table 1 .
Although there were no significant difference in terms of incorporation rate between these systems, FFA system were found to produce two times higher acyl migration rate than FAEE system Table 1 . In addition, the purification was simpler according to the relatively lower melting point of Et-DHA. So we choose ethyl ester as subsequent reaction substrates. What s more, acids were reported to be the cause of acyl migration on partial acylglycerols and the attraction of a proton to the negative charge of the carbonyl oxygen will accentuate the electrophilicity of the carbon atoms in acidic environments. Chen et al. 15 have produced ABA-type structured lipids containing marinederived long-chain polyunsaturated fatty acid and mediumchain fatty acids and found that FFA as acyl donors produced much higher acyl migration than their ethyl esters did, which supports our findings.
Lipase effect
Two types of immobilized lipases i.e., RM IM and TL IM which specialize to prepare the designated TG by selective addition of free PUFA into the 1, 3-positions of TG , were to incorporate DHA into the STAG, as shown in Table 1 . The source of the lipase and carrier can also influence the acyl migration. Several different commercial immobilized sn-1,3 specific lipase have been used for acyl modification of TG. Comparison of the catalytic activity is rather complicated as the lipases specificity towards different fatty acids and temperature optimum may differ 16 . The different sources of lipase also have different selectivity of long chain fatty acids. To achieve the highest amount of the DPD, it is important to minimize the acyl migration as shown in Table 2 . In n-hexane system, Lipozyme TL IM showed a lower rate acyl migration than Lipozyme RM IM, and the DHA incorporation into STAGs by TL IM was also higher significantly than RM IM. Due to the high DHA incorporation and low rate of acyl migration, Lipozyme TL IM was more properly in n-hexane system. Furthermore, after 10-h reaction, there were no significant difference in terms of acyl migration rate in solvent-free system while the degree of DHA incorporation into STAGs was in the order of RM IM TL IM. Thus, we could find that Lipozyme RM IM show strict specificity of sn-1, 3, while Lipozyme TL IM has a higher acyl migration rate in solvent-free system which are consistent with the finding of Choi et al. 17 . In further study, we choose the Lipozyme RM IM as a catalyst for the subsequent reaction based on the DHA incorporation and acyl migration rate.
Reaction system
Interesterification reactions can be carried out in a nonaqueous medium such as an organic solvent, a solvent-free system or an ionic liquid 18 . Solvent reaction system has lower viscosity and thus facilitates the transfer of reactants and accessibility of enzyme to substrates 16 . Organic solvent is an important part of system in many enzymatic reaction because high polarity can distort the essential water that stabilizes the enzyme and are not suitable for enzymatic esterification. And hexane is one of the common reaction medium used in interesterification reactions for less influence on the enzyme activity. In this work, structured lipids were synthesized by esterification of tripalmitin with Et-DHA in a solvent-free system or in an n-hexane system catalyzed by immobilized lipozyme RM IM. We compared the acyl migration rate and the DHA incorporation of n-hexane system and solvent-free system. After 10-h reaction, we found that the acyl migration rate of DHA in the nhexane system was reduced by 15.9 and the DHA incorporation rate was reduced by a highly significant 41.5 Table 2 compare to solvent free system. Organic solvents are not desirable for food safety and human health, so we tend to choose solvent free system which is suitable for large-scale production.
3.5 Reaction temperature, reaction time, enzyme dosage and substrate mole ratio In the process of enzymatic esterification reaction, temperature is an important parameter. The viscosity of the substrate can be dramatically reduced with higher temperatures resulting in increased mass transfer and thereby increased reaction rate 19 . But too higher temperature can inactivated enzyme and influence the activity of the enzyme. Commonly the temperature has been kept at 60 in order to decrease viscosity of the reaction mixture. Reaction temperature should be selected with consideration of the thermostability of the enzyme. The optimal temperature should be determined by the balance of both incorporation and acyl migration effects, because temperature affects both the incorporation of desired FFA into sn-1,3 positions and the acyl migration of these FFA to sn-2 position. According to the supplier of lipozyme TL IM, the enzyme is most active in the temperature range of 55-70 . Usually, an increase of reaction temperature results in an increase of reaction rate, but the migration also increased significantly. In this work, the effect of temperature on the ester exchange and migration was investigated Fig. 1A and to 60 . However, the incorporation of DHA decreased when the temperature was further increased to 70 . In this study, it was observed that migration rate had a slight increase when the temperature was from 40 to 60 . Thus considering the oxidation, the decrease in enzyme activity due to denaturation of the enzyme, and the extent of acyl migration, 60 was chosen as the optimal temperature. For both n-3 PUFA and n-3 PUFA-EE systems, both reaction time and enzyme load had significant positive effects on incorporation and acyl migration rate in the enzymatic production of ABA-type structured lipids containing marine-derived long-chain polyunsaturated fatty acid and medium-chain fatty acids which has been reported by Chen et al. 15 . The effects of substrate mole ratio acyl donors, tripalmitin , enzyme dosage and reaction time on the incorporation of DHA were determined. In Fig. 1A and Fig. 1C , Fig. 1D , it can be seen that as the reaction time, enzyme dosage and substrate mole ratio increase, the total incorporation of DHA also increases. Increasing reaction times led to increased incorporation of DHA, as longer residence times allowed for prolonged contact between the enzyme and the substrates. However, increasing reaction time also resulted in higher degree of acyl migration. The rate of acyl migration was increased from 2.20 in 10 h to 5.06 in 24 h and the total incorporation of DHA was increased from 24.02 in 10 h to 25.14 , respectively. The total incorporation of DHA was significantly higher when the substrate mole ratio was 6:1 and 9:1 for interesterification. Enzyme dosage has the most significant effect on the incorporation and acyl migration. Higher enzyme load can accelerate the reaction rate and improve the incorporation of acyl donors in the reaction. However, the dosage of enzyme is restricted based on economic considerations and mass transfer limitations of the reaction system. In the process of preparation of lipid structure, the amount of lipase added is relatively higher 13 . Incorporation of DHA increased rapidly with the increase of enzyme dosage from 3 to 10 . Furthermore, the incorporation of DHA changed little from 10 to 20 . However, the acyl migration has been increased with the enzyme dosage Fig. 1C . Thus, we chose 10 h for subsequent reaction time, 10 enzyme dosage of total reactants and substrate mole ratio of 6:1 as conditions for subsequent experiment with the consideration of incorporation, acyl migration and economical efficiency.
Veri cation of the Products
The production of STAG enriched in PA at sn-2 position and DHA at sn-1, 3 positions has been carried out following the procedures for the synthesis of the STAG of structure PPP. The production of STAGs was developed as:
Obtaining tripalmitin by reaction of ethyl palmitate from algal oil Schizochytrium sp and glycerin, catalyzed by Novozym 435, a positionally non-specific lipase.
Obtaining the structure STAGs by acidolysis of the previously obtained tripalmitin and Et-DHA, catalyzed by the sn-1, 3 specific lipase RM IM. Purification of STAGs product was performed using short-path distillation. Experiments were performed using the optimal conditions to verify the conditions at small scale. After the confirmation, production of STAG was scaled-up. The results of total fatty acid composition and sn-2 positional analysis of the resulting STAG are given in Table 3 . In this work, the highest content of 87.24 mol STAG and 10.31 mol monoacylglycerol MAG , 2.45 diacylglycerol DAG was obtained from small scale. Total contents of DHA C22:6 n-3 and DPA C22:5 n-3 were 30. 13 and 5.33 in Table 3 Total fatty acid and sn-2 profile (%) of algal oil, DHA-EE and STAG at optimal reaction condition. it has low incorporation of DHA. In addition, another study was carried out using a free fatty acid blend of DHA, gamma-linolenic GLA , and PA to enrich palm olein 21 . Novel
STAGs with low PA and high α-linolenic acid ALA , oleic acid OA and linoleic acid LA content were synthesized from silkworm pupae oil using a solvent-free system by Zhao et al. 22 . Recently, refined olive oil was enriched with PA and DHA via lipase-catalyzed acidolysis reaction using Novozym 435 in hexane 23 . PA was incorporated into the triacylglycerols of refined olive oil at up to 55.79 mol while incorporation of PA at the sn-2 position and total DHA were found to be up to 33.63 and 3.54 mol , respectively. The palmitic acid incorporation level at sn-2 position are very similar to our results and we have much more DHA content using Et-DHA as acyl donor, which were found to produce lower acyl migration rate than FFA in our work. According to our results, it is possible to obtain higher incorporation of DHA into STAGs by using enzyme dosage of 10 , reaction time of 10 h, temperature of 60 , for a reaction mixture containing substrate ratio of 6:1 mol/ mol Et-DHA and tripalmitin in our work. What s more, algal oil were fully utilized.
CONCLUSION
The optimal conditions were established for both the incorporation and acyl migration rate in the production of DPD-type STAGs by lipase-catalyzed interesterification. STAG containing a high amount of DHA at the sn-1,3 position and PA at the sn-2 positions was obtained from algal oil Schizochytrium sp as a result of this study. FFA-EE was found to be a suitable acyl donor for production of STAGs with high incorporation rate and low acyl migration. These STAGs could also deliver the health benefits associated with DHA.
